The tung tree (Vernicia fordii) is one of only a few plant species that produces high oil-yielding seeds rich in a-eleostearic acid (a-ESA, 18:3Á 9cis, 11trans, 13trans ), a conjugated trienoic fatty acid with valuable industrial and medical properties. Previous attempts have been made to engineer tung oil biosynthesis in transgenic oilseed crops, but these efforts have met with limited success. Here we present a high-quality genome assembly and developing seed transcriptomic data set for this species. Whole-genome shotgun sequencing generated 176 Gb of genome sequence data used to create a final assembled sequence 1,176,320 kb in size, with a scaffold N50 size of >474 kb, and containing approximately 47,000 proteincoding genes. Genomic and transcriptomic data revealed full-length candidate genes for most of the known and suspected reactions that are necessary for fatty acid desaturation/conjugation, acyl editing and triacylglycerol biosynthesis. Seed transcriptomic analyses also revealed features unique to tung tree, including unusual transcriptional profiles of fatty acid biosynthetic genes, and coordinated (and seemingly paradoxical) simultaneous up-regulation of both fatty acid b-oxidation and triacylglycerol biosynthesis in mid-development seeds. The precise temporal control of the expression patterns for these two pathways may account for a-ESA enrichment in tung seeds, while controlling the levels of potentially toxic byproducts. Deeper understanding of these processes may open doors to the design of engineered oilseeds containing high levels of a-ESA.
Introduction
Vernicia fordii (V. fordii, Hemsl.), commonly known as tung tree, is an oil-bearing subtropical woody species in the spurge (Euphorbiaceae) family. Tung tree is widely grown in its native China and other countries for its valuable seed oils. Tung oil contains high levels of the conjugated triene fatty acid, a-eleostearic acid (a-ESA), a sustainable, environmentally friendly industrial fatty acid feedstock that is commonly used in the production of inks, dyes, resins and biodiesel (Cahoon et al. 1999 , Chen et al. 2010 . Some studies suggested that a-ESA has a potential role in human health including antitumor (Tsuzuki et al. 2004b) , antioxidative (Dhar et al. 2006 ) and antiobesity effects (Chen et al. 2012 , Yuan et al. 2014 .
China produces approximately 70-80% of the annual global supply of tung oil. However, the output of tung oil still cannot meet the growing international demand, and there is increased industrial interest in improving the yield and chemical/physical properties of tung oil (Chen et al. 2010) . Despite its cultivation throughout the tropical and subtropical world, the positive attributes of this plant are not fully understood in terms of breeding and utilization, mainly due to a lack of detailed genetic and genomic information.
Genomic studies of tung tree are limited. Two transcriptome studies have been published recently, using mature seeds or three seed developmental stages, respectively (Chen et al. 2013 , Galli et al. 2014 . While these studies were certainly useful, a complete molecular understanding of tung oil synthesis would benefit greatly from the creation of a whole-genome reference sequence. Several tung seed triacylglycerol (TAG) biosynthesis genes have been identified, including FADX, encoding a diverged FAD2-like enzyme that catalyzes the formation of a-ESA from linoleic acid (Dyer et al. 2002) , and DGAT1 and DGAT2, encoding type-1 and type-2 diacylglycerol acyltransferases, both of which use a-ESA-containing substrates (Shockey et al. 2006) . However, many components of the tung oil biosynthetic complex have not yet been identified. This missing information has resulted in the limited success of efforts to engineer production of a-ESA in transgenic plants (Cahoon et al. 2006 , van Erp et al. 2015 , Yurchenko et al. 2017 . Thus, full understanding of the biochemical and spatiotemporal context for tung oil production remains elusive. We believe that updated genome information and transcriptomic data will enhance both fundamental and applied research of tung tree a-ESA biosynthesis.
Here we report the draft genome sequence of tung tree and analyze the expression patterns of lipid genes during seed development. This study provides an important resource to study genome evolution and comparative genomics with other spurge family plants including castor bean (Ricinus communis) (Chan et al. 2010) , cassava (Manihot esculenta) (Bredeson et al. 2016) , rubber tree (Hevea brasiliensis) (Tang et al. 2016 ) and physic nut (Jatropha curcas) (Wu et al. 2015) . The accompanying transcriptomic analyses, spanning tung seed development, also reveals that fatty acid b-oxidation is up-regulated in developing tung seeds, which suggests a degree of balance between fatty acid catabolism and TAG synthesis during the accumulation of a-ESA.
Results

De novo assembly and annotation of the V. fordii genome
To obtain the V. fordii whole-genome sequence, we used Illumina Hiseq whole-genome shotgun sequencing to generate 176.45 Gb of raw sequence data (Supplementary Table S1 ). The genome was initially assembled using SOAPdenovo2 (Luo et al. 2012) , and the contig lengths were further increased by integrating Illumina mate-paired (2-12 kb library) short-read sequences by SSPACE (Boetzer et al. 2011) . The final assembled sequence was 1,176,320 kb in size, with a scaffold N50 size of 474.93 kb ( Table 1) . This genome size is consistent with a K-mer analysis from short reads that estimated the genome size of V. fordii as approximately1,200 Mb ( Supplementary Fig. S1 ).
To assess the coverage and completeness of the genome assembly, we mapped high-coverage ($150Â) pair-end reads from 180 bp-12 kb libraries to the assembled genome (Supplementary Table S2 ). All mate-paired reads were unambiguously mapped onto the final assembly with a high success rate (>92%). RNA sequencing (RNA-seq) data (from leaf, stem, flower, seed and root) were generated in parallel to assist in gene annotation; 93.33-98.69% of the RNA-seq reads could be mapped onto the final assembled genome sequence (Supplementary Table S3 ). Further alignment analysis with evolutionarily conserved eukaryotic genes indicated that 99.19% of the core set of 248 eukaryotic genes (from the CEGMA database) were present in the V. fordii assembly, 91.94% of which were represented by full-length genes (Parra et al. 2007 ). Most (95.8%) of the set of 1,440 complete single-copy genes [from Benchmarking Universal Single-Copy Orthologs (BUSCO)] were also found in the V. fordii assembly (Supplementary Fig. S2 ) (Simao et al. 2015) , suggesting a nearcomplete coverage of euchromatin content. By combining ab initio homology searches and RNA-seq data, we predicted 46,829 protein-coding genes in the V. fordii genome, of which 84.38% are supported by at least one RNA-seq read. Also, 94.86% of the single-copy BUSCO genes and 97.52% of the CEGMA genes were perfectly matched to the final gene annotation (Supplementary Fig. S3 ). Of the inferred proteins, 36,963 matched entries in the Swiss-Prot (Boeckmann et al. 2003) , InterPro (Jones et al. 2014) , Kyoto Encyclopaedia of Genes and Genomes (KEGG) (Ogata et al. 1999) or TrEMBL (Boeckmann et al. 2003) databases (Supplementary Table S2 ). Homology searches also assisted in annotation of non-coding RNAs, including 683 tRNA, 494 rRNA, 186 microRNA and 3,680 small nuclear RNA genes (Supplementary Table S4 ).
Comparative and phylogenetic analysis among the five spurge plants Vernicia fordii is the fifth spurge plant genome to be sequenced (Chan et al. 2010 , Wu et al. 2015 , Bredeson et al. 2016 , Tang et al. 2016 . All are important industrial or agronomic crops: V. fordii, J. curcas and R. communis produce high oil-yielding seeds useful in production of biofuels and other industrial feedstocks, H. brasiliensis is a rubber crop and M. esculenta is a dietary staple for >500 million people in the tropics. The proteome comparison of V. fordii with the other four spurge plants revealed that 12,400 gene families are shared and 1,611 gene families are unique in V. fordii (Fig. 1A) . We performed evolutionary phylogenetic analysis based on 667 single-copy gene family homologs among these five plants, and common grapevine (Vitis vinifera), used as an outgroup. We found that V. fordii is most closely related to J. curcas (Fig. 1B) . Existing analysis of the fossil evidence suggests that the family Euphorbiaceae evolved approximatley 58 million years ago (Mya) (Magallon et al. 1999) , having diverged from the Linaceae approximately 70 Mya (Wikstrom et al. 2003) . From our analysis, we can estimate that V. fordii and J. curcas diverged from a common ancestor approximately 40.5 Mya, V. fordii and H. brasiliensis diverged about 50.4 Mya, and V. fordii and R. communis diverged about 59.6 Mya (Fig. 1B) .
Repeat sequences in V. fordii
The results presented in Supplementary Fig. S1 indicate that the V. fordii genome is four times larger than that of J. curcas (320 Mbp) (Wu et al. 2015 ), similar to that of H. brasiliensis (1.37Gbp) (Tang et al. 2016) . Repetitive sequence element analysis (Table 2) shows that V. fordii contains more repetitive DNA (58.74%) than J. curcas, M. esculenta or R. communis ($40.48, 50.34 and 50.33%, respectively) (Bredeson et al. 2016 , Chan et al. 2010 , Wu et al. 2015 ), but slightly less than H. brasiliensis (70.08%) (Tang et al. 2016) . These data indicate that repetitive DNA sequences were strongly amplified in the genomes of V. fordii and H. brasiliensis compared with the other spurge species (Chan et al. 2010 , Wu et al. 2015 , Bredeson et al. 2016 (Supplementary Table S5) , and is the primary cause for genome size expansion in V. fordii and H. brasiliensis.
Annotated tandem repeats and DNA transposons make up 5.03% and 2.31% of the tung genome (Table 2), respectively. Retrotransposons, mostly long terminal repeat (LTR) retrotransposons, are the most abundant repeat type, accounting for about 57.36% of the assembled genome, consistent with the composition of repeat sequences in H. brasiliensis ( Table 2) . We estimated a burst of LTR insertion that occurred approximately 1 Mya in V. fordii (based on analysis of the substitution rates of the sequences near the ends of complete LTRs; Supplementary  Fig. S4 ). These results are similar to the LTR insertion rate in H. brasiliensis. The other three Euphorbiaceae species with smaller genomes contain less LTR content and different peak insertion times.
A total of 285 LTR retrotransposon families (masked size >500 kb) were discovered in the V. fordii genome, including 64 Copia and 194 Gypsy families (Supplementary Table S6 ). Gypsy-type LTRs, one of the dominant types of repetitive elements in plants, is the most abundant LTR subtype in tung tree, Table S7 Table S7 ). The 11-fold amplification of Gypsy-type LTRs is therefore responsible for most of the increase in the genome size of V. fordii relative to J. curcas.
Genome-wide duplication
Genome-wide duplication (GWD) has played an influential role in the emergence and diversification of the angiosperms since their appearance at least 145 Mya. One of the consequences of gene duplications via GWD is gene loss. However, it also helps to create important developmental and regulatory genes (De Bodt et al. 2005 ) that are necessary to develop novel functions required for adaptation to new environments (Al-Mssallem et al. 2013) . Using 843 paralogous gene pairs in 98 collinear regions of the V. fordii genome assembly, we assessed the distribution of synonymous substitution (Ks) or corrected 4-fold degenerate transversion (4DTv) rates, which revealed one peak (Ks $1.6, 4DTv $0.58), suggesting a GWD event during the evolution of the V. fordii genome ( Fig. 2A) . This curve is similar to those of J. curcas and R. communis, but is distinct from the two-peak pattern in the H. brasiliensis and M. esculenta genomes (Fig. 2B) . This result suggested that V. fordii and the other four spurge plants share a common ancient GWD event, but that tung may not have experienced the more recent GWD event that occurred in some Euphorbiaceae.
Transcriptome analysis
Tung oil is not the only useful product derived from the V. fordii germplasm. Recently, new cultivars of nutless, semi-sterile ornamental tung tree have been created (Rinehart et al. 2013 ). However, production of !80% of a-ESA from the oil-rich seeds of standard varieties remains the primary agronomic driver in the tung industry (Rinehart et al. 2015) . Therefore, our main goal is to search the assembled tung genome for homologs found in the Arabidopsis thaliana 760-gene lipid database (LiBeisson et al. 2013) . We found candidates for 643 homologs of V. fordii, similar to that of J. curcas (623) and R. communis (635), but significantly less than M. esculenta (853) and H. brasiliensis (948) (Supplementary Table S8 ). Thus, the V. fordii genome shows no obvious lipid metabolic gene expansion compared with Arabidopsis. In order to leverage the utility of the tung lipid metabolic gene subset further, we then performed RNAseq to gauge the gene expression levels across different stages of seed development.
To select the appropriate developmental stages for RNA sequencing, seed fatty acid composition, oil content and endosperm oil body development patterns were first monitored (Fig. 3) . Oil synthesis began at approximately 112 days after pollination (DAP), then increased quickly from 120 to 150 DAP, and continued to climb until full maturity (Fig. 3A) . Consistent with the oil accumulation pattern, a-ESA content also increased rapidly from 112 to 120 DAP, reached its highest level at 137 DAP, then remained stable until seed maturity. All other fatty acids, including linoleic acid (the substrate for a-ESA biosynthesis), declined rapidly after oil synthesis onset, to 10% by 120 DAP (Fig. 3B) . Oil body formation also correlated well with a-ESA and oil accumulation in developing tung seeds ( Fig. 3D-G) . By 112 DAP, no oil bodies could be detected (Fig. 3D) . Numerous oil bodies were visible by 120-130 DAP ( Fig. 3E-F) ; by 150 DAP, they occupied most of the cell volume (Fig. 3G ). These data suggested that both a-ESA and TAG biosynthesis were closely co-regulated during a fairly narrow period of about 50 d during seed development. Thus, to better understand these processes, five developmental stages were selected for RNA-seq (Supplementary Table S3) .
A total of 512 tung orthologs of the 760 Arabidopsis lipid genes were expressed during seed maturation (Li-Beisson et al. 2013) . These genes were then categorized into each of 16 different categories of acyl-lipid metabolism (Supplementary  Table S9 ) (Li-Beisson et al. 2013) . Among these categories, only the genes involved in both plastidial fatty acid synthesis and oil body assembly pathways were strongly up-regulated during the stages of oil accumulation, while the TAG synthesis pathway genes were slightly but not significantly up-regulated (Fig. 4) .
Most of the genes involved in fatty acid biosynthesis were strongly up-regulated (>8-fold) between 112 and 150 DAP, including acyl carrier protein (ACP), the E1a and E3 subunits of the pyruvate dehydrogenase complex (PDHC), the biotin carboxylase (BC), BCCP1 and BCCP2 subunits of biotin carboxyl carrier protein, and the alpha subunit of carboxyltransferase (CT) of the heteromeric acetyl-CoA carboxylase complex (Supplementary Fig. S5 ; Supplementary Table S9 ). The genes encoding the reactions of the latter steps of fatty acid biosynthesis, including malonyl-CoA:ACP malonyltransferase, the KASI and KASIII isoforms of ketoacyl-ACP synthase, ketoacyl-ACP reductase, hydroxyacyl-ACP dehydrase and enoyl-ACP reductase, are all strongly up-regulated as well (Supplementary  Table S9 ). Interestingly, transcripts of two biotin attachment domain-containing (BADC) proteins (BADC1 and BADC3), a gene family of negative regulators of ACCase, were also detected ( Supplementary Fig. S5 ) .
Some of the well-known transcription factors that regulate fatty acid biosynthesis were differentially regulated in developing tung seeds. We detected transcripts for the tung orthologs of WRI1 (Cernac and Benning 2004) , and two related genes (orthologous to Arabidopsis WRI2 and WRI4, respectively) (Supplementary Fig. S6 ; Supplementary Table S9 ). VfWRI1 predominates early, then declines, while the other two WRI paralogs are up-regulated late in seed development. Tung orthologs of ABI3 (Giraudat et al. 1992) , LEC1 (Lotan et al. 1998 ) and LEC1-like (Kwong et al. 2003) on the other hand, were expressed at high levels during seed development. VfABI3 and the LEC1-like gene were strongly up-regulated from 112 through 150 DAP, while VfLEC1 displayed a bimodal expression pattern (Supplementary Fig. S6 ; Supplementary Table S9) .
Also consistent with the inverse relationship between C16:0 and a-ESA levels at later stages of tung seed development (Fig. 3B) , the expression level of KASII, Á9 stearoyl-ACP desaturase (SAD) and FatA acyl-ACP thioesterase, which are responsible for the elongation of 16:0-ACP to 18:0-ACP, desaturation of 18:0-ACP to 18:1-ACP and release of fatty acids from 18:0 ACP and 18:1 ACP, respectively, were also up-regulated (Lightner et al. 1994 , Salas and Ohlrogge 2002 , Pidkowich et al. 2007 ).
In contrast, the FPKM (fragments per kilobase of transcript per million mapped reads) counts for most TAG biosynthetic genes were only modestly up-regulated during tung seed development (Supplementary Table S9 ). For example, GPAT9, the gene encoding a recently described glycerol-3-phosphate acyltransferase implicated in TAG synthesis (Shockey et al. 2016) , was expressed at higher levels than other detected GPAT genes, but its expression level showed <2-fold change across the span of seed development. Among five tung lysophosphatidic acid acyltransferase genes (LPAAT genes, whose products catalyze the second acylation of the glycerol backbone in phospholipid and TAG synthesis), only LPAAT2 had high expression levels overall (higher than the sum of the other four expressed LPAAT genes combined) and an up-regulated pattern that positively correlated with TAG synthesis. Thus, it is likely that LPAAT2 plays an important role in TAG synthesis. Three isoforms of diacylglycerol acyltransferase (DGAT1, -2 and -3), whose products catalyze the final acylation step of diacylglycerol (DAG) to TAG, were identified in the tung genome. Only DGAT2 is strongly up-regulated during tung seed endosperm maturation, consistent with previous studies and providing further confirmation that DGAT2 activity is primarily responsible for tung seed TAG synthesis (Shockey et al. 2006) . Three orthologs of phospholipid:diacylglycerol acyltransferase (PDAT1A, -1B and -2), which transfer an acyl group from phospatidylcholine (PC) to DAG to produce TAG, were also identified. All three PDAT genes have much lower expression levels than DGAT2, but PDAT1A and PDAT1B expression increased quickly concomitant with a-ESA accumulation between 112 and 130 DAP, and remained stable throughout seed maturation. This indicates that PDAT1A and PDAT1B might also play important roles in TAG synthesis and probably prefer substrates containing a-ESA.
FAD2 and FADX, two closely related Á12 oleate desaturaselike enzymes, were previously identified from tung seed (Dyer et al. 2002) Table S9 ). PC-modified a-ESA must be efficiently removed from PC and incorporated into TAG (Cahoon et al. 2006) . Previous studies demonstrated that acyl editing, a PC deacylation-reacylation cycle, helps to establish metabolically distinct pools of PC and DAG, in the process of TAG synthesis (Bates et al. 2009 , Lu et al. 2009 ). Lysophosphatidylcholine acyltransferase (LPCAT) and phospholipase A 2 (PLA 2 ), two activities that participate in PC acyl editing processes, were up-regulated during tung seed development (Supplementary Table S9 ). Oleosin, caleosin and steroleosin proteins coat the surfaces of oil bodies and help to stabilize the size and number of oil bodies in seeds and other neutral lipid-rich tissues. Genes for all three oil body protein families were up-regulated !16-fold during the period of rapid oil body accumulation between 112 and 130 DAP, and maintained high expression levels up to 180 DAP ( Fig. 3D-G ; Supplementary Table S9) .
Fatty acid b-oxidation maintains fatty acid homeostasis, and provides cellular energy via catabolism of stored fatty acids. Unexpectedly, we noticed that multiple genes related to fatty acid b-oxidation were highly induced during the period of rapid a-ESA accumulation between 112 and 130 DAP. Acyl-CoA oxidase (ACX4), multifunctional protein (MFP2) and 3-ketoacylCoA thiolase (KAT2), that respectively catalyze the acyl-CoA oxidation, hydration and dehydrogenation, and thiolytic cleavage reactions, of the core b-oxidation pathway, were increased about 4.3-, 4.3-and 1.8-fold ( Fig. 5A; Supplementary Table S9 ). Two peroxisomal isoforms of long chain acyl-CoA synthetase (LACS6 and -7, the primary enzyme activities required for uptake and activation of free fatty acids for b-oxidation), were also up-regulated during this period of seed development. Enoyl-CoA isomerase (ECI) plays a key role in the isomerization of double bonds in unsaturated fatty acids during b-oxidation (Du Plessis and Grobbelaar 1979, Goepfert et al. 2005 ). Tung ECI2 is strongly expressed throughout seed development, including an 11-fold induction between 112 and 130 DAP (Fig. 5A, Supplementary Table S9 ).
The final product of fatty acid b-oxidation, acetyl-CoA, is metabolized further via the glyoxylate cycle (Eccleston and Ohlrogge 1998) . Tung genes coding for the glyoxylate cycle pathway enzymes isocitrate lyase (ICL) and malate synthase (MS) were also up-regulated ($11-and 244-fold, respectively) from 112 to 130 DAP (Fig. 5A) . Paradoxically, these data suggest that in addition to synthesis of TAG, a significant amount of carbon metabolism is dedicated to fatty acid respiration and/or gluconeogenesis during the middle stages of seed development.
Fatty acid b-oxidation can significantly alter cellular redox balance, and also leads to the production of toxic hydrogen peroxide (H 2 O 2 ). To see how developing tung seeds might deal with such challenges, we identified approximately 1,200 genes that were up-regulated !2-fold at 130 DAP relative to 112 DAP (Supplementary Table S10), given the strong upregulation of the b-oxidation pathway at the later time point. Ninety-eight genes related to oxidoreductase activity, including isoforms of catalase and ascorbate peroxidase, were among the most enriched (Supplementary Tables S10, S11 ). These results suggest that developing tung seeds contain highly co-ordinated biochemical pathways that have evolved to maintain proper redox potential and protect its cells from H 2 O 2 -induced damage.
Expression of tung fatty acid desaturases and conjugases in transgenic yeast
Bakers' yeast (Saccharomyces cerevisiae) has been a valuable resource in the study of plant lipid metabolic genes, including some from tung tree (Dyer et al. 2002 , Shockey et al. 2006 . Dyer et al. (2002) demonstrated transgenic yeast a-ESA production by co-expression of tung FAD2 and FADX, but only to low levels. We wondered if yeast might also be a useful system to study possible biochemical links between fatty acid b-oxidation and a-ESA synthesis. We co-expressed tung FAD2 and FADX in wild-type yeast (strain BY4741) and in a pex10 yeast mutant strain with altered peroxisome biogenesis and b-oxidation (Xue et al. 2013 ). The pex10 mutant produced only about 10% as much a-ESA as parental BY4741, in large part due to unexpectedly inefficient synthesis of linoleic acid by FAD2 (Fig. 5B upper  panel, C) . However, repeating this analysis with FADX-transgenic yeast fed linoleic acid gave a similar result; despite ample linoleic acid uptake in both strains, the pex10 mutant still synthesized much less a-ESA compared with parental BY4741 (Fig. 5B lower panel, D) . These results strongly support a functional link between b-oxidation and a-ESA production, a process that may be fundamentally maintained in developing tung seeds and engineered yeast.
Discussion
In this work, we sequenced and assembled a draft genome of tung tree using second-generation Illumina Hiseq Õ sequencing technology. Although the assembly lacks the longer third-generation platform reads, we still achieved complete sequences from most predicted genes, which was sufficient to complement our evolutionary and transcriptome analyses. Through comparative genomic studies with other spurge plants, we described the fundamental features of the V. fordii genome, including gene content, repeat insertion and genome duplication. Establishment of this reference genome allowed us to determine that V. fordii did not experience the same degree of gene expansion found in some of other sequenced Euphorbiaceae species (Supplementary Table S8 ). Transcriptomic analysis in five seed developmental stages revealed the specific genetic composition of many major metabolic pathways, in particular those involved in the production of fatty acids and TAGs (Fig. 6) . In Arabidopsis seeds, many fatty acid biosynthetic genes follow a bell-shaped expression pattern, marked by a significant decline in expression during the maturation phase (Baud and Lepiniec 2009) . In contrast, a suite of tung fatty acid biosynthetic genes were strongly induced and remained high during tung seed maturation, consistent with previous studies in oil palm mesocarp, which accumulates up to 90% oil by weight (Bourgis et al. 2011 ). The higher level of oil production in tung seeds ($60% by weight, compared with 30-40% in Arabidopsis) may require prolonged high expression of these genes.
DAG is the precursor molecule to TAG synthesis. Usually, plant DAG is mainly generated through two pathways, giving rise to distinct metabolite pools called de novo DAG and PC-derived DAG (Bates and Browse 2012) . Synthesis of TAG through de novo DAG (also referred to as the Kennedy pathway) in the endoplasmic reticulum incorporates three acyl groups from acyl-CoA esters onto the hydroxyl groups of glycerol-3-phosphate, acting sequentially via enzymes known as GPAT, LPAAT and DGAT (LiBeisson et al. 2013) . Our data, and those of previous studies (Dyer et al. 2002) , suggest that PC-bound a-ESA, formed by the sequential action of FAD2 and FADX, is removed from PC, either as a free fatty acid by lipases, or as acyl-CoA through the reverse reaction of LPCATs via acyl editing processes (Bates et al. 2009 ), in addition to some a-ESA that may be directly transferred from PC to DAG to produce TAG by PDAT. Our transcriptome data showed that GPAT9, LPAAT2, DGAT2, LPCAT, PDAT1A, PDAT1B and lipases were highly expressed and/or strongly up-regulated during tung seed development and maturation, suggesting that these enzyme isoforms are the key players in generation of a-ESA-containing TAG (Fig. 6) .
This list of potentially important enzymes is probably not yet complete. Previous studies showed that phosphatidylcholine:diacylglycerol cholinephosphotransferase (PDCT) channels PC-derived DAG to TAG in some oilseeds (Bates et al. 2009 , Lu et al. 2009 , Hu et al. 2012 . Overexpression of castor bean PDCT enhanced novel product levels in hydroxyl fatty acid-producing Arabidopsis seeds (Yang et al. 2010) . However, our data suggest that tung PDCT may be relatively less important for TAG synthesis; only one tung PDCT ortholog was identified and its seed expression levels are very low (Supplementary Table S9 ). PDCT transcripts were also non-detectable in the developing seed of bitter melon, another plant which also accumulates high levels of the seed TAG a-ESA (Yang et al. 2010) . Other unknown mechanisms that help to control proper carbon flux into developing tung seed lipids probably remain to be discovered; it is our hope that the data sets created in this study will contribute to such findings.
We are also intrigued by the strong expression of multiple b-oxidation pathway and glyoxylate cycle genes. These two processes are typically only highly active during germination, as a means to provide cellular energy for seedling growth until photosynthesis competency is established. However, we found several b-oxidation and glyoxylate cycle genes that were highly up-regulated during the middle seed developmental stages, during which a-ESA quickly accumulated (Fig. 5A) . Free a-ESA is very unstable and has much high oxidation rates than other free fatty acids in vitro (Tsuzuki et al. 2004a) . It is likely that high cellular concentrations of free a-ESA or a-ESA-CoA could be cytotoxic (Cahoon et al. 1999 , Yurchenko et al. 2017 . These results clearly suggest that native tung seeds have developed highly efficient methods to channel most a-ESA into tung seed oil bodies. Tung seeds may also maintain active mechanisms for disposal of excess free a-ESA to prevent its cytotoxicity. Our observations regarding b-oxidation up-regulation, in synchronicity with rapid oil synthesis, in mid-development seeds seemed paradoxical at first, since developing seeds are usually programmed for fatty acid and oil synthesis (Eccleston and Ohlrogge 1998) . However, tung seeds might be evolutionarily programmed to activate the b-oxidation pathway to degrade excess a-ESA during periods of rapid oil accumulation (Figs. 3, 4) . Maintenance of normal Kennedy pathway function (and that of other pertinent enzyme activities, such as PDAT or PDCT) may strictly depend on the 'buffering effect' achieved through tight control of pool sizes of a-ESA-containing intermediates. Consistent with this premise, the production of a-ESA was largely reduced in an engineered b-oxidation mutant yeast strain (Fig. 5) . Another previous study (Rylott et al. 2003) used acyl-CoA oxidase (ACX) Arabidopsis mutants to show that b-oxidation was essential for normal embryo development. The authors suggested that loss of a lipid signaling molecule or excessive toxic build up of pathway intermediates were the most likely explanations; the latter scenario agrees with our findings.
Taken together, our genome and transcriptome data revealed that a-ESA-containing TAG in tung seeds is primarily produced through a de novo DAG-based pathway, drawing on acyl-CoA pools that are generated by PC acyl editing. Our data also suggested two possible broad explanations for the dual high oil/high a-ESA traits of tung seeds. First, most fatty acid biosynthesis genes (and transcription factors known to regulate these and other lipid pathways positively) remained highly expressed throughout seed development, until full maturity was reached; these genes were only slightly down-regulated in Fig. 6 Proposed metabolic scheme for TAG accumulation in tung seed endosperm cells. The major pathways invloved in a-ESA-containing TAG biosynthesis are depicted in the scheme. These include the highly up-regulated fatty acids biosynthesis pathway in the plastid and the glycerolipid biosyntheses-related pathway in the endoplasmic reticulum (ER). In the ER, PC-bound a-ESA, formed by the sequential action of FAD2 and FADX, is removed from PC, either as a free fatty acid by lipases, or as acyl-CoA through the reverse reaction of LPCATs via acyl editing processes. Some a-ESA might be directly transferred from PC to DAG to produce TAG by PDAT. The a-ESA released from PC is then used sequentially to generate a-ESA-containing TAG through the Kennedy pathway, via GPAT9, LPAAT2 and DGAT2. The up-regulation of b-oxidation and glyoxylate cycle pathways might also contribute indirectly to a-ESA-containing TAG synthesis, possibly by removing toxic free a-ESA to maintain membrane lipid and enzyme integrity.
co-ordination with the up-regulation of the BADC ACCase negative regulators . Secondly, the upregulation of fatty acid b-oxidation-related genes might be important for removing toxic free a-ESA to maintain membrane lipid and enzyme integrity, thereby also contributing indirectly to a-ESA-containing TAG synthesis. Until now, several attempts have been made to improve the content of a-ESA in transgenic plant seeds, with limited success (Cahoon et al. 2006 , van Erp et al. 2015 . Many of the candidate gene orthologs that carry out each of the reactions in these pathways are now available for manipulation and further study. The new tools and molecular insights generated by our study will open doors to the design of engineered oilseeds containing high levels of a-ESA or other uncommon fatty acids.
Materials and Methods
Plant sampling and extraction of DNA and RNA
The genomic DNA of the tung tree was isolated from the young leaves using a modified recycling CTAB (cetyltrimethylammonium bromide)isolation method . All the tung tree samples (leaf, stem, flower, root and seeds of six developmental stages) used for transcriptomic analysis were collected from the tung trees growing in the Wuhan Botanical Garden, Chinese Academy of Science (Wuhan, Hubei Province, China), and all samples were frozen immediately in liquid nitrogen and stored at -80 C before use. Total RNA was extracted from samples using the universal plant total RNA extraction kit (RP 3301, BioTeke), according to the manufacturer's instructions.
Shotgun library construction and sequencing
Sequencing libraries with insert sizes of 180, 300 and 600 bp were constructed using the standard paired-end library construction kit (Illumina). Mate-paired libraries were constructed by the LoxP method (Van Nieuwerburgh et al. 2012) and the Illumina Nextera DNA Library Prep Kit. All DNA sequencing was performed in the Illumina Hiseq 2000 platfrom (Supplementary Table S1 ).
Genome size estimation
The V. fordii genome size was estimated by using K-mer frequencies. In K-mer frequency distribution analysis, according to the Lander-Waterman theory (Lander and Waterman 1988) , the genome size can be determined by the total number of K-mers that were divided by the peak value of the K-mer distribution. Here, genome size and complexity were estimated using K-mer analysis on approximate 30-fold sequencing reads from small insert size libraries. The results showed that K-mer frequency displays a unimodal curve indicating a low rate of heterozygosity in the V. fordii genome. Frequency distribution suggests a genome size of about 1,200 Mb.
Genome assembly
All raw data were filtered by Trimmomatic (3.3). Filtered high qualilty reads were initially assembled into a draft assembly with default insert size and parameters by SOAPdenovo2 (Luo et al. 2012) . Then 40,000 paired reads of each library were mapped to the first version contigs and scaffoldings for library quality control and accurate estimation of average insert size. Then the insert size of each set of data was carefully adjusted in configrue file for final SOAPdenovo2 (r240) running with a multi-K-mer of 51-85. The scaffolds were further connected by SSPACE (v2.0) (-x 0 -m 40 -o 20 -k 5 -n 30 -p 0 -v 0 -z 0 -g 0 -T 20 -S 0)
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. Scaffold gaps were closed by Gapfiller (1.12) with pair-end reads.
Mitochondrial and chloroplast genome seqeunces from rosids, and completed bacterial genome sequences were download from NCBI and blastn to scaffoldings to remove the related sequences (>90% coverage and >90% identify). The one base 'N' gaps in the final assembly were replaced with a 20 base 'N'-gap length for future update and annotation. Only scaffolding >1,000 bp in length was retained in the final assembly.
Repeat annotation
Repeat sequences in the V. fordii genome were identified as following: tandem repeats were searched across the genome using the software Tandem Repeats Finder (4.07) (Benson 1999) ; transposable elements (TEs) were predicted using a combination of homology-based comparisons with RepeatMasker (4.0.5) and RepeatProteinMask, and de novo approaches with LTR_STRUCT (McCarthy and McDonald 2003) , LTR_FINDER (1.0.6) (Xu and Wang 2007) and RepeatScout (1.0.5) (Price et al. 2005) . RepeatMasker was employed for DNAlevel identification using a general library (RepBase 20.04). LTR_STRUCT and LTR_FINDER searched the whole genome for a characteristic structure of the full-length LTR retrotransposons. RepeatScout builds consensus sequences using the fit-preferred alignment score. Contamination and multicopy genes in the library were filtered first. The RepeatScout library was used for RepeatMasker. The program was performed again to find homologs in the genome and to categorize the found repeats.
Moreover, with the full-length LTR retrotransposons above, we can estimate the insertion times: the 5'-and 3'-LTR sequences of the retrotransposons were aligned and used to calculate the K-value (the average number of substitutions per aligned site) using the EMBOSS (6.5.7.0) package distmat. The insertion times (T) were calculated using the formula: T = K/(2Âr), where r represents the average substitution rate, which is 1.3Â10 -8 substitutions per synonymous site per year (Ma and Bennetzen 2004) .
Transcriptome sequencing and analysis
Two cDNA libraries were prepared from fresh leaves, and a total of 827,465 after-filted reads (262 Mb) were generated using the Roche 454 GS-FLX technology. The reads were assembled with Newbler (2.8) and resulted in a set of 16,827 gene clusters (isogroups) and 21,908 transcripts (contigs). Another set of mRNA-seq paired-end libraries from tissues and seeds in different growing stages were sequenced by the Illumina HiSeq 2000 platform with 400 bp insert size. Raw reads were cleaned by Trimmomatic (3.3). The cleaned reads were then aligned to the genome assembly by GSNAP (Wu and Watanabe 2005) (201509) . All mRNA-seq data were assembled using Trinity (2.0.3) (Grabherr et al. 2011) with genome-guided model (-genome_guided_max_in-tron 10,000 -genome_guided_min_coverage 3) and provided 246,814 transcript units with N50 size of 2,189 bp. A total of 65.75 Gb of raw data were obtained (Supplementary Table S2 ). Differential expression analysis was performed by cufflinks (2.2.1) (Trapnell et al. 2013 ).
Gene annotation
The protein-coding gene set was inferred using de novo, homologous and evidence-based gene prediction (RNA-seq data) approaches. We used all plant protein sequences from Swiss-Prot (20151006) and NCBI Refseq databases (release 74) (Pruitt et al. 2007 ) for splicing variant alignments by using Spaln (v2.1) (Gotoh 2008) with parameters (-Q7 -O0 -M20 -ya3). PASA (2.0.2) (Haas et al. 2008 ) was used for alignments of all assembled transcripts. The complete open reading frames (ORFs) were extracted from the PASA result and further blastx to Swiss-Prot plant proteins. Only the ORFs with >80% coverage and >80% identity were used as the training sets in de novo annotation. The masked genome assembly was used for ab initio gene model prediction using Fgenesh++ (Solovyev et al. 2006 ) with monocot parameters and AUGUSTUS (version 3.2.1) (Stanke et al. 2004) . EVM (Haas et al. 2008 ) (r03062010) combined all predictions, and the output was patched with another run of PASA for the small exon and potential untranslated regions. The combined gene model was further polished according to the intact structure (contains the start and stop codon), expression evidence and repeat annotation. Finally, we identified 46,829 gene models, and 27,625 of these have a full structure and supporting cDNA transcript evidence. KEGG and Gene Ontology (GO) annotation were performed with Blast2GO (3.3) (Gotz et al. 2008 ) and functional significance was analyzed by GOstat (Beissbarth and Speed 2004) with false discovery rate (FDR) <5%.
Functional annotation
Annotation of the predicted genes of V. fordii was performed by aligning their sequences against a number of protein sequence databases, including InterPro (54.0), GO, KEGG (version 59) (Ogata et al. 1999 ), Swiss-Prot (release-2015_04), TrEMBL (release-2015_04) and NR (07/03/2015) (Boeckmann et al. 2003) . First, for prediction of the protein-coding gene set for V. fordii, each inferred amino acid sequence was assessed for conserved protein domains in the gene3d, hamap, pfam, pirsf, prints, prodom, smart, superfamily and tigrfam databases using InterProScan (Quevillon et al. 2005) . The GO IDs for each gene were obtained from the corresponding InterPro entries. Secondly, amino acid sequences were subjected to BLASTP (2.2.26) (e-value <1e-5) using the following protein databases: Swiss-Prot, TrEMBL, KEGG and NCBI protein NR.
Gene family identification
A comparative analysis was used to examine the rate of protein evolution and the conservation of gene repertoires among orthologs in the genomes of J. curcas, H. brasiliensis, Linum usitatissimum, M. esculenta, R. communis, Populus trichocarpa (v3.0), V. vinifera (Phytozome11) and V. fordii. First, we aligned all-to-all proteins using BLASTP with an e-value of 1e-5, then genes were clustered using OrthoMCL (1.4) (Li et al. 2003 ) with a Markov inflation index of 1.5 and a maximum e-value of 1e-5. On this basis, all gene families were ascertained from the seven reference genomes, and identified genes belonging to V. fordii-specific gene families and/or unclustered genes. Furthermore, based on pair-wise BLASTP alignment of V. fordii and J. curcas with an e-value of 1e-5, we used the reciprocal best method to identify ortholog genes, called reciprocal best ortholog gene pairs, which showed high similarity on the amino acid level.
Enrichment analysis
For a given gene list, such as the V. fordii-specific genes or conserved genes between V. fordii and J. curcas, which were used for GO enrichment analysis, the given gene list was carried out based on the algorithm implemented in GOstat, with the whole annotated gene set as the background. GOstat tests for GO terms represented by significantly more genes in a given gene set were done using 2 test. Fisher's exact test was used when expected counts are below 5, which makes the 2 test inaccurate. The computed P-value was then adjusted for multiple tests by specifying an FDR (q-value <0.05) using the Benjamini-Hochberg method. Similar methods were also used for IPR and KEGG enrichment analysis.
Phylogenetic analysis
We performed phylogenomic analysis of the eight sequenced genomes by using 1:1 single-copy orthlogous genes. OrthoMCL clustered a total of 667 single-copy gene families, which were individually aligned with MUSCLE and then subjected to phylogenetic analyses by MrBayes with V. vinifera as the outgroup (Huelsenbeck and Ronquist 2001) . These genes robustly resolved phylogenetic relationships among the eight genome species with all the nodes obtaining full (100%) bootstrap support. We conducted divergence time with PAML McMcTree (Yang 1997) , and the constraints were used for time calibrations: the fossil evidence of the age of the family Euphorbiaceae with the existence at about 58 Mya and the divergence time from the Linaceae at approximately 70 Mya.
Whole-genome duplication
WGD segments were identified in the V. fordii genome by MCscan (Tang et al. 2008 ) based on core-paralogous gene sets identified using InParanoid (O'Brien et al. 2005) (BLAST e-value 1e 5; number of genes required to call synteny !5). For each paralogous gene in separate regions, based on the CDS (coding sequence) and protein alignment, Ks values were calculated using yn00 in the PAML package, and corrected 4-fold degenerate transversion (4DTv) rates were calculated by a self-determination program.
Moreover, V. fordii genes in these duplicated regions were compared with proteins in J. curcas, H. brasiliensis, M. esculenta, and R. communis, and average corrected 4DTv rates were calculated between the species, allowing reconstruction of the phylogenetic tree and timing of species divergences, calibrated by fossil evidence. Average 4DTv from R. communis and V. fordii paralog pairs was used to place the WGD before speciation.
Oil extraction and FAME analysis
Tung seeds were collected at eight developmental stages (90, 105, 112, 120, 130, 137, 150 and 180 DAP) . The kernels of the seeds were dried and crushed into powder with a mortar and pestle. Oil was extracted from around 50 mg of powder in a glass tube (2 cmÂ10 cm) with a screw cap. To this tube, 3 ml of hexane (Fisher Scientific, was added and vortexed for 10 s followed by an extraction process under an ultrasonic cleaner (25K Hz) for 1.5 h. Next, 400 ml of KOH (5 M)/methanol was added to the sample to esterify fatty acid ultrasonically for an additional 10 min. After cooling to room temperature, 200 mg of methyl heptadecenoate (C17:1; NU-CHEK) was added as an internal standard. The mixture was vortexed for 10 s before centrifugation at 5,000 r.p.m. for 5 min. Fatty acid methyl esters (FAMEs) in the upper organic phase were removed and the residual mixture was extracted for FAMEs with an additional 3 ml of hexane. The pooled FAME extracts were evaporated under nitrogen and then dissolved in 500 ml of hexane for gas chromatography analysis (GC; Agilent 7820A) with a flame ionization detector (FID) on a DB-23 column (30 mÂ0.25 mm i.d., 0.25 mm film; Agilent). The GC conditions were: split mode injection (1:20), injector and FID temperature, 270 and 280 C; the oven condition was 80 C for 3 min, with a ramp to 170 C for 10 min with 10 C increments per minute, then increasing at 5 C min -1 to 220 C. FAME compounds were identified by calibration with a standard (NU-CHEK), a mixture for 37 known FAMEs.
The oil content was then calculated from the formula: percentage oil by dry weight = (100Âtotal peak areaÂ0.2 mg/peak area of internal standard)/mg tissue, where 0.2 mg is the amount of internal standard used per sample. The composition percentage of a single FAME was reflected by the percentage of the peak area of this FAME in the total peak area of all FAMEs.
Electron microscopy
Tung seed endosperm at different developmental stages was fixed in 3% (v/v) glutaraldehyde in 0.1 M phosphate buffer (pH 7.2) at 4 C for 12 h. After several washes, the samples were post-fixed in 1% (w/v) osmium tetroxide in 0.1 M phosphate buffer (pH 7.2) at 4 C for 24 h. Specimens were then dehydrated in an alcohol series, embedded in Spurr's resin and cured for 16 h at 65 C. Materials were sectioned with a Leica ultramicrotome, and ultrathin sections were stained conventionally with 1% uranyl acetate and lead citrate, and observed with a JEOL electron microscope at an accelerating voltage of 80 kV.
Cloning and vector construction
Tung seeds were collected from tung tree germplasm base. RNA was extracted from developing tung seeds using an RNA extraction kit (Bioteck) and treated with RNase-free DNase (Bioteck) using on-column DNase digestion. RNA was quantified using a Nanophotometer (Implen). cDNA was synthesized using the Hifair III 1st strand cDNA synthesis super Mix (Yeasen). The ORFs of tung FAD2 were cloned into the SpeI and BamHI sites of pESC-HIS behind the GAL10 promoter. The ORFs of tung tree FADX were cloned into either the EcoRI and SacI sites of pESC-HIS behind the GAL10 promoter or the BamHI and SalI sites of pESC-HIS with the GAL1 promoter, respectively.
Culture conditions for yeast strains and analysis of lipids
Yeast strains BY4741 and pex10 were used in the studies. Untransformed yeast cells were maintained on yeast peptone dextrose medium [0.5% (w/v) yeast extract, 1% (w/v) peptone and 2% (w/v) dextrose] solidified with 2% agar. Plasmids were transfected into yeast cells and transformants were selected as described previously 10 . Yeast cells were inoculated into 5 ml of selective synthetic dextrose medium [2% (w/v) dextrose and 0.67% (w/v) yeast nitrogen base without amino acids, and appropriate auxotrophic supplements] and grown overnight in an incubator/shaker at 28 C, 190 r.p.m. The next day, about 2 ml of solution with 4 OD 600nm units of cells was added into 20 ml of selective synthetic dextrose medium, with about 0.4 OD 600nm units of cells. After 48 h of culture at 28 C, 190 r.p.m. using a Forma Scientific model 4,580 refrigerated console incubator/shaker (Thermo Forma), the culture was subjected to centrifugation and the supernatant was removed. The collected cells were washed three times with sterile water, and then were resuspended in 20 ml of selective S-Gal medium [2% (w/v) galactose and 0.67% (w/v) yeast nitrogen base without amino acids, and appropriate auxotrophic supplements] and cultured for 48 h. Yeast cells were harvested by centrifugation, washed three times with water and then converted to spheroplasts using glass beads. Lipid extraction, FAME preparation and analysis were as described by Dyer et al. (2002) . Genome sequence and annotation results related in this paper have been deposited in the Genome Warehouse in BIG Data Center, Beijing Institute of Genomics (BIG), Chinese Academy of Sciences, under accession numbers PRJCA000669 that are publicly accessible at http://bigd.big.ac.cn/gsa.
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